We have developed atomic and molecular spectrometers to deliver quantum-limited measurements of the absorption lineshape. We use this to deduce the temperature of the gas and thereby measure Boltzmann's constant with high precision and uncertainty.
Spectroscopy has an illustrious record in providing a stringent test-bed for physical theories. In this talk we will describe our experiments that have brought us to the frontier of precision in laser absorption spectroscopy. This work was motivated by a call in the scientific community to develop new techniques to measure Boltzmann's constant, k B , in preparation for a redefinition of the Kelvin, and other SI units in 2018.
We first report on a quantum-limited atomic spectrometer used to measure the lineshape of the D1 absorption line of Cesium. Our transmission measurement accuracy is 2ppm in a 1 second measurement, which gives us a unique tool to identify the various contributions to lineshape in this case [1] . For example, our measurements (upper part of Fig.  1) show two absorption peaks due to the excited state splitting of this transition. Our extreme precision immediately yields a ten-fold improvement in the measured accuracy of this splitting [we obtain 1167.716(3)MHz]. In a dilute atomic vapour, the textbook lineshape is a Voigt profile (a Lorentzian component arising from the finite lifetime of the atoms that is convolved with the Gaussian-shaped atomic velocity distribution). However, our precision allows exploration of a frontier where deviations from this profile can be observed. This prompted the development of a new theoretical model that considers the interaction of optical pumping with the random motion of the atoms through the probe beam. Using this model we are able to estimate the velocity dispersion of the atoms with a precision (standard error) of 53 ppm during a single 30-second frequency scan. This precision is consistent with the sample deviation of multiple scans, showing the excellent reproducibility of our system. By averaging over 200 scans we estimate the velocity dispersion with a precision of 3.7ppm, nearly an order of magnitude improved over past attempts. The quality of the fits is exemplified on the lower part of Fig.1 in which the residuals becomes consistent with shot-noise for a fully corrected theoretical model. We use the velocity dispersion to generate a value for Boltzmann's constant, k B = 1.380 560(98) x 10 -23 J/K, that is consistent with the accepted value.
There are two key limitations to our instrument that have, so far, prevented meeting a targeted uncertainty of 1ppm. These are: (A) the presence of unavoidable and unwanted etalons in the experimental apparatus arising from lowlevel scattering (10 -10 power reflection) from even the best optical surfaces, and (B) a probe laser linewidth that was relatively broad and only measured with a finite precision (44kHz +/-18kHz).
The effect of the etalons in influencing the measured width of the atoms can be overcome by measuring the etalons with a high degree of accuracy. We can do this by making precise transmission measurements over large frequency ranges. We have thus redesigned our probe laser so that it now tunes over ~15GHz compared with ~2GHz in the first version of the apparatus. This new probe laser tunes with a very high degree of linearity, while also maintaining a narrow linewidth by using a heterodyne Mach-Zehnder interferometer as a stabilizing element [2] . We measure the frequency of the probe laser over this large range with Hertz level precision by mixing the probe laser radiation with multiple modes of a 250MHz frequency-stabilized frequency comb. We will report on how we resolve the ambiguity of multiple mixing products to generate a unique frequency for the probe laser. In a parallel effort, we have also developed an approach that allows the direct use of an optical frequency comb to measure temperature of a molecular sample. A large number of related absorption lines (arising from transitions from one vibrational state to another) are termed a `band'. The integrated absorption of a band is determined by the concentration of the sample, while the relative intensities of ro-vibrational molecular absorption features within a band are governed by the sample temperature, while the gas pressure results in measurable shifts and broadening of the individual line absorptions. Thus, using a single band spectrum, one can extract the temperature, pressure and number density of molecules of a sample provided the measurement has both sufficient spectral range and resolution to resolve the individual absorption line shapes across an entire band.
Optical frequency combs (OFCs) delivers a nearly ideal interrogation source for molecular spectroscopy as they simultaneously possess both broad bandwidth and high resolution. We demonstrate this ability on Fig 2 where we extract a full spectrum of a CO 2 molecular band in a few seconds. A nonlinear fit to the spectrum can generate a value for the temperature and concentration of the gas. Our preliminary performance shows a temperature reproducibility of less than 8mK over a few second measurement, which is an uncertainty of below 25ppm. We will report on our latest results at the conference. 
